Abstract Rationale: Behavioral sensitization has been accorded a central role in contemporary theories of drug addiction. Accordingly, a substantial effort has been made to determine the processes mediating sensitization to psychostimulants. However, few studies have examined the mechanisms underlying sensitization to ethanol. Objectives: Experiments were conducted to assess the role of N-methyl-d-aspartate (NMDA) and non-NMDA glutamate receptors in expression of sensitization to ethanol's locomotor stimulant effects. Methods: Sensitization was induced in DBA/2 J mice by administering ethanol (2 g/kg) intraperitoneally (i.p.) before four activity trials. Control groups were given saline (12.5 ml/kg i.p.) before each activity trial. Subsequently, the effects of two NMDA receptor antagonists, MK-801 and ifenprodil, and two non-NMDA glutamate receptor antagonists, DNQX and GYKI 52466, were assessed on expression of the sensitized locomotor response. Results: MK-801 reduced the stimulant effects of ethanol and completely prevented expression of sensitization at doses exceeding 0.075 mg/kg. In contrast, although ifenprodil also reduced the stimulant effects of ethanol, the antagonist did not alter expression of sensitization. Non-NMDA glutamate antagonists were more consistent in their effects on sensitization. DNQX reduced the magnitude of the sensitized response at a low dose that did not alter the stimulant effects of ethanol. The more selective AMPA antagonist GYKI 52466 reduced the stimulant effects of ethanol and completely blocked expression of sensitization. Conclusions: The results provide initial evidence to suggest that both NMDA and non-NMDA glutamate receptors play a role in expression of sensitization to ethanol. Additional research will be required to elucidate the mechanisms underlying differences in the efficacy of glutamate antagonists.
Introduction
Behavioral sensitization (defined as a progressive increase in the effect of a drug following repeated administration) has been proposed to play a central role in drug addiction Berridge 1993, 2000) . Several lines of evidence support this proposal. First, sensitization develops to the locomotor stimulant effects of a number of abused drugs such as psychostimulants and opiates (Vanderschuren and Kalivas 2000) . Moreover, the sensitized response is persistent (Babbini et al. 1975; Shuster et al. 1977; Paulson et al. 1991) and is thought to enhance the incentive-motivational effects of drugs, and stimuli associated with them (Lett 1989; Shippenberg and Heidbreder 1995; Harmer and Phillips 1999; Taylor and Horger 1999) . Finally, only those drugs that produce sensitization are effective in reinstating drug-seeking behavior (De Vries et al. 1998) . These studies link sensitization to drug-taking and suggest that treatments that prevent expression of sensitization may reduce the probability of relapse.
Evidence is now available to demonstrate that sensitization also develops to the locomotor stimulant effects of ethanol (Phillips et al. 1994; Broadbent and Harless 1999; Broadbent and Weitemier 1999; Itzhak and Martin 2000; Fish et al. 2002) . This response appears to be unrelated to changes in ethanol's sedative effects (Phillips et al. 1996) , suggesting increased activity levels are attributable to the development of sensitization rather than tolerance. Sensitization to ethanol is relatively long lasting (Lessov and Phillips 1998; Fish et al. 2002) and is correlated with preference for ethanol in the HAP and LAP selected lines of mice (Grahame et al. 2000) . These studies, and evidence that alcoholics and the sons of alcoholics show sensitization to the stimulant effects of ethanol Thomson 1991, 1999) , suggest that sensitization to ethanol may play a significant role in alcohol abuse (however, see Cunningham et al. 2002) .
Despite evidence that robust sensitization develops to ethanol, relatively little is known about the neural processes underlying this neuroadaptive response. Ethanol is known to act at both N-methyl-d-aspartate (NMDA) and non-NMDA glutamate receptors (Faingold et al. 1998) , receptors that play a significant role in neuronal plasticity and have been implicated in expression of sensitization to psychostimulants (Vanderschuren and Kalivas 2000) . Moreover, cross-sensitization has been reported to occur between ethanol and psychostimulants (Manley and Little 1997; Itzhak and Martin 1999 ; however see Fish et al. 2002) . Hence, it seems likely that glutamate receptors may play a role in expression of sensitization to ethanol. The present experiments were designed to investigate the role of both NMDA and non-NMDA glutamate receptors in expression of sensitization to the stimulant effects of ethanol. DBA/2 J mice were used as subjects since they rapidly develop robust sensitization to ethanol. DBA/2 J mice have traditionally been characterized as "alcohol-avoiders", raising questions regarding the relevance of studying sensitization in these mice. However, aversion to the taste of ethanol appears to account, in large part, for the reluctance of this strain to drink ethanol solutions (Belknap et al. 1977) .
A series of experiments examined the effects of two NMDA antagonists, MK-801 (dizocilpine) and ifenprodil, and two non-NMDA glutamate receptor antagonists, DNQX and GYKI 52466, on expression of behavioral sensitization to the locomotor stimulant effects of ethanol. Activity cages containing photobeams were used to measure sensitization. MK-801 has frequently been used to assess the role of NMDA receptor blockade on expression of sensitization to psychostimulants. Examining the effects of the non-competitive NMDA receptor antagonist ifenprodil was of particular interest due to its selectivity for the NR2B sub-unit of the NMDA receptor (Williams 2001) , the subunit that has been strongly implicated in the actions of ethanol. The non-NMDA glutamate antagonists DNQX and GYKI 52466 have differential effects on AMPA and kainate receptors, with GYKI 52466 having more selective actions on AMPA receptors than DNQX (Wilding and Huettner 1995; Bleakman et al. 1996) . Hence, by examining the effects of these antagonists, the relative roles of AMPA and kainate receptors in expression of sensitization to ethanol may be revealed.
Materials and methods

Subjects
Six-week-old male DBA/2 J mice (Jackson Laboratory, Bar Harbor, Maine) were housed in groups of four with food and water freely available. Subjects were allowed to habituate to the colony for a minimum of 12 days before the start of experiments. Animals were maintained on a 12-h/12-h light/dark cycle with lights on at 0600 hours. The NIH "Principles of laboratory animal care" were followed in conducting these studies.
Apparatus
The locomotor activity of individual animals was measured in one of eight activity cages made of clear Plexiglas (28.52320.5 cm; Med Associates, East Fairfield, VT). Activity was monitored by eight infrared photobeams placed at approximately 3-cm intervals, 2 cm above the Plexiglas floor. Activity cages were placed inside sound-and light-attenuating chambers. Ventilation fans provided a constant background noise. A Gateway computer interfaced with the activity cages measured activity levels. Activity cages were cleaned after each trial.
Drugs
(+) MK-801 hydrogen maleate [dizocilpine maleate, (5-methyl-10,11-dihydro-5H-dibenzo[a,d]cyclohepten-5,10-imine); RBI, Natick, MA] and ifenprodil tartrate (a-[4-hydroxyphenyl]-b-methyl-4-benzyl-1-piperidineethanol tartrate; Sigma-Aldrich, St. Louis, MO) were dissolved in 0.9% saline. DNQX (6,7-dinitroquinoxaline-2,3-dione; RBI) was placed in 0.9% saline and shaken immediately before administration to produce a suspension. GYKI 52466 hydrochloride [1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-benzodiazepine hydrochloride; Sigma-Aldrich] was dissolved in a small volume of 0.1 M hydrochloric acid, neutralized with 0.1 M sodium hydroxide and made up to volume with 0.9% saline. MK-801, ifenprodil and DNQX were administered i.p. 30 min before the test. GYKI 52466 was administered i.p. 5 min before the test. Antagonist solutions were prepared on the day of the test and administered i.p. in a volume of 10 ml/kg. Ethanol (2 g/ kg, 20% v/v in 0.9% saline) was administered i.p. in a volume of 12.5 ml/kg immediately before trials.
Procedure
Subjects were transported to the laboratory at least 1 h before the start of activity measurement. Trials for MK-801 and DNQX experiments were conducted at 48-h intervals while trials for ifenprodil and GYKI 52466 experiments were conducted on Mondays, Wednesdays and Fridays. This difference in procedure did not alter acquisition of sensitization. The 5-min trials were run at approximately the same time of day for each subject. Each experiment consisted of a habituation trial, a minimum of four activity trials (induction phase) and a number of test trials. The habituation trial served to reduce the stress and novelty associated with exposure to the activity cages, and injection and handling procedures. Immediately before this trial, mice were weighed and then received an i.p. injection of 0.9% saline. Following the habituation trial, animals were assigned to one of two experimental groups (saline or ethanol) such that groups had similar mean activity levels, and the home and test cages were counter-balanced across groups.
Following the habituation trial, subjects received four activity trials immediately before which animals were weighed and given an injection of saline or ethanol (2 g/kg). Following the fourth activity trial, saline and ethanol groups were sub-divided. Mice were allocated to sub-groups so that activity levels on the last activity trial were similar across sub-groups. Test trials were conducted 48 h after the last activity trial. Test trials lasted 30 min with the exception of tests in the GYKI 52466 experiment when 20-min tests were conducted. GYKI 52466 is a fast-acting drug, therefore, the majority of its effects can be observed over a shorter period (Chapman et al. 1991) . Mice received two i.p. injections before test trials. The first injection was of saline or a dose of the antagonist. The second injection, given immediately before the test, was 2 g/kg of ethanol for all animals except where noted below. The test trial permitted assessment of the development of sensi-tization in the ethanol control group and the effects of the antagonists on both the acute stimulant response to ethanol (saline groups) and sensitization (ethanol groups).
Following the test trial, mice in the DNQX, ifenprodil and GYKI 52466 experiments received two additional 5-min activity trials before which animals were injected with saline or ethanol according to their training group designation. The interval between trials was 48 h. A second test was conducted 48 h after the last activity trial. The second test in the DNQX experiment was identical to the first test with the exception that mice that received 25 mg/kg and 50 mg/kg DNQX previously were given 75 mg/kg and 100 mg/kg DNQX, respectively. Similarly, ifenprodil groups that received 1.0 mg/kg and 2.5 mg/kg of the antagonist on the first test received 5.0 mg/kg and 7.5 mg/kg, respectively, on the second test. The low-dose ifenprodil groups were not assessed on the second test. The second test in the GYKI 52466 experiment assessed the effect of the antagonist on baseline activity levels of the four saline-treated control groups. Hence, treatment on this test was identical to that on the first test with the exception that saline was injected immediately before the test instead of ethanol.
Blood ethanol measurement
Blood ethanol levels were measured immediately after behavioral testing by removing 2-3 mm of the end of the tail and collecting approximately 40 ml of blood in a capillary tube containing heparin. Following centrifugation, the supernatent was drawn off and stored at 20C until measurement of ethanol levels on an Analox GL5 electrochemical analyzer (Lunenburg, MA).
Data analysis
All data were initially analyzed using analysis of variance (ANOVA; Systat, SPSS Inc.) to determine the overall pattern of effects produced by antagonists. Changes in sensitization caused by individual doses of antagonists were determined by comparing activity levels of the ethanol control group (i.e., the 0 ethanol group) with those of ethanol groups that received the antagonist, and by comparing activity levels of saline and ethanol groups treated with the same dose of the antagonist on the test using ANOVA followed by Tukey HSD tests when appropriate. Effects of the antagonists on ethanol's acute stimulant effects were determined by comparing activity levels of the saline control group (i.e., the 0 saline group) with those of saline groups treated with the antagonist. Probability levels of 0.05 or less were considered significant. The number of animals in experimental groups ranged from 10 to 16 (see figure legends).
Results
NMDA receptor blockade
MK-801
Experiment 1. The first study examined the effects of MK-801 on expression of sensitization. Significant increases in activity were observed in the ethanol-treated group over the four activity trials. Mean (€SEM) scores were 151€5, 180€5, 198€7 and 202€8 for trials 1-4, respectively. In contrast, activity of the saline group decreased somewhat over trials: mean (€SEM) activity scores were 83€4, 68€4, 64€4 and 57€3 for trials 1-4, respectively. A two-way ANOVA revealed a main effect of trial treatment (saline or ethanol) (F 1,94 =376, P<0.01), of trial (F 3,282 =6.3, P<0.01) and a trial treatment trial interaction (F 3,282 =46, P<0.01). A one-way ANOVA used to examine changes in activity of the ethanol group over trials indicated a significant effect of trial (F 3,141 =31.1, P<0.01), suggesting within-group sensitization developed. Sensitization was also evident when the animals were separated into sub-groups for the test: one-way ANOVAs conducted on each sub-group showed a significant main effect of trial (F values =8.4-13.3, P<0.01).
The results of the 30-min sensitization test are shown in Fig. 1 (left panel). Between-group sensitization was observed in that activity of the ethanol control group (0 ethanol) was higher than that of the saline control group (0 saline). Both doses of MK-801 suppressed activity levels of the ethanol groups so that the activity of these groups was only slightly higher than those of the saline controls (e.g., 0.15 saline vs 0.15 ethanol). It should be noted, however, that MK-801 also decreased activity levels of the saline control groups. A two-way ANOVA indicated a main effect of trial treatment (saline or ethanol; F 1,90 =11.4, P<0.01) and of MK-801 (F 2,90 =29.4, P<0.01). The trial treatment MK-801 interaction was not significant. Planned comparisons across pairs of saline and ethanol groups treated with the same dose of the antagonist with one-way ANOVAs (e.g., 0 saline vs 0 ethanol) revealed differences between the 0 saline and 0 ethanol groups (F 1,30 =13.6, P<0.01), indicating significant between-group sensitization developed in the control groups. In contrast, activity levels of the ethanol groups treated with MK-801 did not differ from their saline control groups, suggesting suppression of sensitization. This result was supported by planned comparison of activity levels of the ethanol groups with a one-way ANOVA that showed a main effect of MK-801 (F 2,45 =20.2, P<0.01) and differences between the ethanol control group and both antagonist-treated groups (P<0.01). Planned comparison of activity levels across the three saline control groups with a one-way ANOVA revealed a main effect of MK-801 (F 2,45 =9.9, P<0.01), indicating the antagonist reduced the stimulant effects of ethanol. Follow-up analysis with Tukey tests revealed that both doses of MK-801 significantly decreased activity levels relative to the 0 saline control group (P<0.01).
Changes in activity levels across the 30-min test were also analyzed in this (and all subsequent) experiments. These analyses did not reveal substantial differences in the effects of antagonists from those represented by the 30-min means and, therefore, are not described.
Experiment 2. Lower doses of MK-801 were examined in experiment 2 in an attempt to minimize the suppression of ethanol's stimulant effects observed in the previous experiment. Data for one subject on the second activity trial were lost due to a computer malfunction. Significant sensitization, similar to that reported in experiment 1, was observed in the ethanol-treated groups across trials.
The effects of low doses of MK-801 on expression of sensitization are shown in Fig. 1 (right panel) . Sensitization was apparent between the ethanol (0 ethanol) and saline (0 saline) control groups in the 30-min test.
Moreover, comparison of saline and ethanol groups treated with the same dose of MK-801 revealed ethanol groups had consistently higher activity levels, suggesting expression of sensitization. In contrast to experiment 1, low doses of the antagonist did not alter the stimulant effects of ethanol in that the activity of the saline control groups (i.e., 0.0375 saline and 0.075 saline) did not differ from the 0 saline group. Analysis of the data in a two-way ANOVA revealed only a main effect of trial treatment (F 1,90 =52.6, P<0.01). Planned comparison of saline and ethanol groups given the same dose of the antagonist by one-way ANOVAs indicated significant sensitization in each ethanol group (F values =5.2-39.6, P<0.05). Planned comparison of activity levels across ethanol groups by a one-way ANOVA revealed a trend towards increased activity levels in the antagonist-treated groups (P=0.08). MK-801 did not alter the stimulant effects of ethanol: planned comparison with a one-way ANOVA did not indicate changes in the activity levels of saline groups (P>0.05).
Ifenprodil
Experiment 3. The effects of a second NMDA antagonist were examined in this experiment. As expected, animals repeatedly exposed to ethanol on trials 1-4 showed increasing activity levels across trials. Significant between-group sensitization was observed in all sub-groups on the 30-min test in that ethanol groups had higher activity levels than saline groups (Fig. 2, left panel) . A two-way ANOVA confirmed this finding in that only the main effect of trial treatment (saline or ethanol) (F 1,88 =54.5, P<0.01) was significant. Comparison of saline and ethanol groups treated with the same dose of the antagonist by one-way ANOVAs indicated that ethanol groups consistently had significantly higher activity levels (F values =10.5-26.4, P<0.01). Planned comparison of ethanol groups with a one-way ANOVA did not reveal differences in activity levels (P>0.05).
Comparison of ifenprodil-treated saline groups with their control group (0 saline) using a one-way ANOVA revealed that ifenprodil did not alter ethanol-stimulated activity (P>0.05).
Higher doses of ifenprodil were examined on a second test by administering 5.0 mg/kg and 7.5 mg/kg, respectively, to the groups treated with 1.0 mg/kg and 2.5 mg/kg of ifenprodil on test 1 (Fig. 2, right panel) . The 0 groups were again pre-treated with saline. Two activity trials separated the two tests. Mean activity levels (€SEM) for saline sub-groups ranged from 58€9 to 83€6 on these trials, while activity levels of the ethanol sub-groups varied from 194€18 to 253€20. Sensitization was apparent on the test despite administration of doses of ifenprodil that decreased activity levels of control groups. These results were confirmed using a two-way ANOVA conducted on the 30-min test activity means. Significant main effects of trial treatment (F 1,66 =35.3, P<0.01) and of ifenprodil (F 2,66 =6.5, P<0.01) were found but no trial treatment ifenprodil interaction. Comparison of saline Lower doses of the antagonist were administered in experiment 2 (right panel, n=16 per group). *Significant differences from saline groups treated with the same dose of the antagonist (P<0.05). ‡Significant differences from the 0 saline group (P<0.05). #Sig-nificant differences from the 0 ethanol group (P<0.05) and ethanol groups treated with the same dose of the antagonist by one-way ANOVAs indicated that ethanol groups consistently had significantly higher activity levels (F values =4.7-19.6, P<0.05). A one-way ANOVA followed by Tukey tests on the saline control groups revealed that ifenprodil significantly decreased ethanolstimulated activity at both 5.0 mg/kg and 7.5 mg/kg (F 2,33 =11.4, P<0.01). In contrast, ifenprodil did not alter the activity levels of ethanol groups (P>0.05).
Analysis of blood samples taken approximately 36 min after ethanol injection (mean=36.4€0.4 min) on the second test revealed mean blood ethanol levels of 143.5€6 mg/dl across all animals (mean values€SEM were 147.3€12, 143.5€14, 145.7€15, 131.3€13, 161.9€13 and 131.9€14 for the 0 saline, 5 saline, 7.5 saline, 0 ethanol, 5 ethanol and 7.5 ethanol groups, respectively). A two-way ANOVA (trial treatment ifenprodil) did not reveal differences in blood ethanol levels between ifenprodil-treated animals and untreated controls (F values<1.0).
Non-NMDA glutamate receptors DNQX Experiment 4. The effects of the non-NMDA glutamate receptor antagonist DNQX on expression of sensitization were examined in experiment 4. One subject was eliminated from the experiment due to ill health on arrival. Development of sensitization, similar to that described in previous experiments, was evident in the ethanol groups with activity levels rising over activity trials.
The results of the 30-min sensitization test are shown in Fig. 3 (left panel) . Differences in activity levels of saline and ethanol control groups indicated development of between-group sensitization. Both doses of DNQX tended to decrease the magnitude of sensitization, but did not eliminate it. Finally, neither dose of DNQX altered the stimulant response to ethanol as shown by the similar activity levels of the saline control groups. Analysis of the test data by a two-way ANOVA showed a main effect of trial treatment (F 1,89 =43.1, P<0.01) and of DNQX (F 2,89 =3.6, P<0.05). The trial treatment DNQX interaction was not significant (P=0.16). Planned comparison of activity levels of control and ethanol-treated groups given the same dose of the antagonist by one-way ANOVAs indicated that all groups given ethanol on activity trials had higher activity levels than their saline control groups (F values =7.8-28.7, P<0.05). Planned comparisons of the effects of DNQX on activity levels of ethanol groups by a one-way ANOVA revealed a significant effect of DNQX (F 2,45 =3.9, P<0.05). Followup analysis with Tukey tests indicated a significant decrease in activity levels of the 25 ethanol group relative to the ethanol control group (i.e., 0 ethanol; P=0.02). While 50 mg/kg DNQX tended to decrease activity, this effect did not quite reach significance (P=0.14). A oneway ANOVA indicated that DNQX did not alter activity levels of saline control groups and therefore did not affect the stimulant effects of ethanol (P>0.05).
To determine whether larger doses of DNQX would block expression of sensitization, doses of 75 mg/kg and 100 mg/kg were administered before the second test to Higher doses of the antagonist were administered on test 2 (right panel, n=12 per group). The meaning of symbols is described in the legend of Fig. 1 groups that had previously received 25 mg/kg and 50 mg/ kg, respectively (Fig. 3, right panel) . Two activity trials were conducted between the two tests as a wash-out period. Activity levels on these trials were similar to those observed on the last activity trial before the first test (mean activity levels of ethanol groups ranged from 187.5€15 to 214€12, while mean activity of saline groups ranged from 60€8 to 76€6). Interestingly, DNQX at the higher doses again decreased but did not eliminate sensitization. However, the antagonist also decreased the stimulant response to ethanol at higher doses in that DNQX decreased activity levels of saline groups. These results were confirmed using a two-way ANOVA that indicated a main effect of trial treatment (F 1,89 =37.9, P<0.01) and of DNQX (F 2,89 =21.8, P<0.01) but a nonsignificant interaction. Planned comparison of activity levels across pairs of groups (e.g. 0 saline vs 0 ethanol) by one-way ANOVAs showed all ethanol groups had higher activity levels than saline control groups (F values = 6.9-18.9, P<0.05). However, planned comparison of activity levels of ethanol groups by a one-way ANOVA indicated that DNQX reduced activity levels at both doses (F 2,45 =13.6, P<0.01). Similarly, activity levels of saline groups were also reduced (F 2, 44 =8.4, P<0.01).
GYKI 52466
Experiment 5. The effects of an additional non-NMDA glutamate antagonist were examined in this experiment. One mouse died after the third trial. The data for this animal were removed from the experiment. Due to a computer error, test data were lost for eight animals. Analysis of changes in activity levels of ethanol groups demonstrated that significant sensitization occurred across trials, as seen in previous experiments.
The results of the 20-min test are displayed in Fig. 4 . The higher doses of GYKI 52466 decreased the stimulant effects of ethanol as shown by decreases in the activity levels of the saline groups. Moreover, the antagonist also prevented expression of sensitization: activity levels of the ethanol and saline groups were similar after administration of 10.0 mg/kg. A two-way ANOVA (trial treatment GYKI 52466) confirmed these findings in that a significant main effect of trial treatment (F 1,79 =37.6, P<0.01), of GYKI 52466 (F 3,79 =26.4, P<0.01) and trial treatment GYKI 52466 interaction (F 3,79 =2.8, P<0.05) were found. Comparison of saline and ethanol groups treated with the same dose of the antagonist by one-way ANOVAs demonstrated significant sensitization in the groups receiving 0 (F 1,20 =9.3, P<0.01), 2.5 (F 1,20 =12.5, P<0.01) and 5.0 mg/kg (F 1,20 =20.6, P<0.01) but not 10.0 mg/kg GYKI 52466 (P>0.05). Analysis of the effects of the antagonist on activity levels of ethanol groups with a one-way ANOVA and Tukey tests revealed significant effects only at the highest dose (F 3,39 =14.2, P<0.01). In contrast, comparison of activity levels of saline groups by a one-way ANOVA indicated that 5 mg/kg and 10 mg/kg GYKI 52466 decreased the acute stimulant effects of ethanol (F 3,40 =14.6, P<0.01). All animals were also injected with ethanol (2 g/kg) immediately before the test. Open and closed bars indicate mice treated with saline or ethanol, respectively, on activity trials. The left panel shows the effects of DNQX on test 1 (n=15-16 per group). Higher doses of the antagonist were administered on test 2 (right panel, n=15-16 per group). The meaning of symbols is described in the legend of Fig. 1 Blood ethanol levels measured approximately 33 min after injection of ethanol (mean =32.8€0.6) indicated an overall mean level of 192.1€3 mg/dl (mean values€SEM were 204. 6€9, 192.1€7, 192.9€7 and 209 .5€8 for the 0, 2.5, 5.0 and 10 saline groups, while the values were 174.9€12, 178.1€11, 186.6€12 and 195.9€10 for the 0, 2.5, 5.0 and 10 ethanol groups, respectively). Surprisingly, animals that received ethanol on trials had slightly lower blood ethanol levels (mean of 184.1€5 mg/dl) than mice treated with saline on trials (mean of 199.6€4 mg/ dl). Analysis of blood ethanol levels in a two-way ANOVA indicated a main effect of trial treatment (F 1,83 =5.6, P<0.05). In contrast, GYKI 52466 did not have a significant impact on blood ethanol levels: neither the main effect of GYKI 52466 nor the trial treatment GYKI 52466 interaction was significant.
The effects of GYKI 52466 on baseline activity levels were examined on a second test by treating the four saline control groups with GYKI 52466 in the absence of ethanol. Two activity trials were conducted prior to this test. Activity levels on these trials were similar to previous trials: mean activity levels ranged from 57.7€10 to 83.0€7. Mean €SEM activity levels of groups given 0, 2.5, 5.0 or 10.0 mg/kg GYKI 52466 and saline over the 20-min test were 73.6€7, 75.6€8, 69.6€8 and 53.1€5, respectively (n=12 per group). A one-way ANOVA did not reveal a significant effect of GYKI 52466 treatment (P=0.13).
Discussion
The results of the present study indicate that NMDA and non-NMDA glutamate antagonists are able to prevent expression of sensitization to the stimulant effects of ethanol. However, substantial differences in the efficacy of antagonists, particularly the NMDA antagonists, were apparent. The first NMDA antagonist tested, MK-801, failed to alter expression of sensitization at low doses. However, higher doses of the antagonist were effective in blocking expression of sensitization in that activity levels of saline and ethanol groups treated with the same dose of the antagonist did not differ significantly. Doses of MK-801 that prevented sensitization also blocked ethanol's stimulant effects: MK-801 decreased activity levels of saline control groups given ethanol on the test. It is possible, therefore, that MK-801's ability to block sensitization may reflect a non-specific suppression of locomotor activity. However, when given alone, MK-801 has been shown to stimulate rather than suppress locomotor activity in DBA/2J mice (Broadbent and Weitemier 1999) suggesting that MK-801 does not depress spontaneous locomotor activity per se. In contrast, the antagonist appears to specifically reduce ethanol's stimulant effects. Nevertheless, it could still be argued that the ability of MK-801 to block sensitization is secondary to decreases in the stimulant effects of ethanol. Reconciling the data with this hypothesis is problematic, however. For example, one would predict that blockade of ethanol's acute stimulant effects in both saline and ethanol groups would decrease activity levels of these groups by similar amounts. Thus, activity levels of ethanol groups would still exceed those of saline groups. In contrast, MK-801 had substantially greater effects on activity levels of ethanol groups, resulting in similar activity levels in saline and ethanol groups. Blockade of sensitization therefore appears to be superimposed on MK-801's effects on the acute stimulant properties of ethanol.
It has been suggested that MK-801 potentiates the effects of ethanol, effectively shifting ethanol's doseresponse curve to the left (Meyer and Phillips 2001) . According to this hypothesis, combining MK-801 with a Fig. 4 Effect of the non-Nmethyl-d-aspartate (NMDA) antagonist GYKI 52466 on expression of sensitization to ethanol. Activity levels are expressed as mean activity counts per minute (+SEM). Mice received vehicle or a dose of GYKI 52466 5 min before the 20-min test. All animals were also injected with ethanol (2 g/kg) immediately before the test. Open and closed bars indicate mice treated with saline or ethanol, respectively, on activity trials (n=10-11 per group). The meaning of symbols is described in the legend of Fig. 1 peak stimulant dose of ethanol would produce activity levels on the descending limb of ethanol's inverted Ushaped dose-response curve. While shifts in ethanol's dose-response curve may explain MK-801's ability to block the stimulant effects of ethanol, it is more difficult to explain the effects of MK-801 on sensitization in this way. If one assumes MK-801 produces similar shifts in the dose-response curves of control and sensitized groups, sensitized groups would still exhibit higher activity levels than non-sensitized controls, providing that MK-801 does not cause a 'floor' effect on activity levels of control groups. In contrast, control and sensitized groups treated with 0.15 mg/kg and 0.3 mg/kg MK-801 had similar activity levels and did not appear to show a 'floor' effect. Hence, MK-801 suppressed activity levels of sensitized groups to a greater extent than nonsensitized groups. One scenario that could explain the greater effect of MK-801 on these groups is if sensitization to ethanol also causes a shift to the left in ethanol's dose-response curve. Sensitization, combined with administration of MK-801, would then shift the doseresponse curve of sensitized groups further to the left than acutely treated control groups and produce lower activity levels in sensitized groups. However, preliminary data from this laboratory do not support this theory in that sensitization caused an upward rather than a leftward shift in ethanol's dose-response curve (Broadbent and Harless 1997) . Finally, it is possible that the effects of MK-801 are rate dependent, resulting in greater suppression of the higher activity levels of sensitized groups. This is an inherent issue in sensitization studies that has received little attention. Additional research will be required to test this hypothesis.
The ability of MK-801 to block expression of sensitization may depend on its ability to reverse the effects of repeated ethanol administration at NMDA receptors. Long-term treatment with high ethanol doses has been reported to cause upregulation of NMDA activity, an effect that is blocked by administration of an NMDA antagonist (for review see Kumari and Ticku 2000) . However, a recent study reported that ethanol-induced increases in MK-801 binding in Swiss Webster mice were not associated with sensitization (Quadros et al. 2002) . Additional studies will be required to reconcile these findings with those of the current study.
The effects of a second NMDA antagonist, ifenprodil, were examined to further assess the role of NMDA receptors in expression of sensitization to ethanol. It was of particular interest to investigate the effects of ifenprodil since a close correlation exists between neurons that are sensitive to ethanol and those that are sensitive to ifenprodil (Lovinger 1995; Yang et al. 1996; Engblom et al. 1997) . Surprisingly, although doses of ifenprodil were tested that produced similar decreases in the stimulant effects of ethanol to those caused by MK-801, ifenprodil did not alter the magnitude of the sensitized response. These findings indicate that blockade of ethanol's stimulant effects does not necessarily affect expression of sensitization.
Substantial differences in the ability of the two NMDA antagonists to alter expression of sensitization suggests that blockade of sensitization may depend on actions at specific binding sites on the NMDA receptor or on actions at particular receptor sub-units. MK-801 acts as an open channel blocker by binding to the phencyclidine (PCP) site within the ion channel of the receptor. In contrast, ifenprodil is thought to bind to a site located, in part, on the NR1 receptor sub-unit and to possess only weak open channel blocking properties (for review see Williams 2001) . Further, whereas MK-801 is a non-selective antagonist of NMDA receptors (Monaghan and Larsen 1997) , ifenprodil shows high specificity for receptors containing the NR2B sub-unit (Williams 1993) suggesting that receptors containing NR2B receptor sub-units are not critical for expression of sensitization.
Tests were also conducted with antagonists that preferentially block non-NMDA glutamate receptors. DNQX reduced expression of sensitization in that DNQX selectively decreased activity levels of sensitized groups. Higher doses of the antagonist produced non-selective effects decreasing sensitization and activity levels of control groups. Hence, despite a fourfold increase in dose, DNQX reduced but did not completely block expression of sensitization. Although blood ethanol levels were not measured in this experiment, doses of 25 mg/kg and 75 mg/kg did not alter blood ethanol levels in a previous study and therefore are unlikely to account for the effects of DNQX (Broadbent and Kampmueller, unpublished observations) .
The selective AMPA antagonist GYKI 52466 (Paternain et al. 1995; Wilding and Huettner 1995; Bleakman et al. 1996 ; however see Steppuhn and Turski 1993) reduced expression of sensitization at 10 mg/kg such that activity levels of non-sensitized and sensitized groups did not differ. However, GYKI 52466 also reduced activity levels of control groups. As in the case of MK-801, the effects of GYKI 52466 on both sensitized and non-sensitized groups raises questions regarding the manner by which the antagonist blocks sensitization. Since GYKI 52466 did not alter spontaneous activity levels on the second test, the ability of the antagonist to block sensitization cannot be attributed to suppression of locomotor activity per se. Instead, the antagonist appears to preferentially reduce the stimulant effects of ethanol. However, the ability of GYKI 52466 to block the stimulant effects of ethanol does not appear to account for its effects on expression of sensitization since a similar decrease in ethanol's stimulant effects in sensitized and non-sensitized mice would still result in expression of sensitization, particularly since GYKI 52466 did not produce a floor effect on activity that would preclude detection of differences in activity levels of saline and ethanol-treated groups. Two pieces of evidence, albeit indirect, support the assertion that blockade of sensitization by GYKI 52466 is unrelated to its effects on the stimulant effects of ethanol. First, ifenprodil had similar effects on ethanol's stimulant effects to those seen with GYKI 52466, but in contrast to GYKI 52466, ifenprodil did not affect expression of sensitization, demonstrating that the two effects can be dissociated. Moreover, the ability of DNQX to reduce sensitization suggests that GYKI 52466 is also likely to alter expression of sensitization.
As GYKI 52466 is thought to have a greater affinity for AMPA than kainate receptors (Paternain et al. 1995; Wilding and Huettner 1995; Bleakman et al. 1996) , the greater efficacy of GYKI 52466 relative to DNQX may indicate a more substantial role for AMPA receptors in sensitization. Alternatively, differences in efficacy may be due to the ability of antagonists to access central sites. While DNQX clearly produces central effects in that it changes gene expression when given systemically (Wang et al. 1994; Wang and McGinty 1996) , it has been suggested that competitive AMPA antagonists such as DNQX have limited access to central sites (Bigge and Nikam 1997) .
In summary, the present results suggest that both NMDA and non-NMDA receptors may play a role in expression of sensitization to ethanol, although the binding site, specific receptor subunits and receptor subtypes at which the antagonists act appear to substantially influence their ability to alter expression of sensitization. A large number of studies have also implicated glutamate receptors in expression of sensitization to psychostimulants, suggesting similarities in the mechanisms mediating expression of sensitization to psychostimulants and ethanol (for reviews see Wolf 1998; Vanderschuren and Kalivas 2000; Cornish and Kalivas 2001; Sripada et al. 2001) . Additional studies will be required to confirm these similarities.
